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ORBITAL RENDEZVOUS CONSIDmTIONS 

FOR A MARS MISSION 

This paper presents  an analysis of a Mars-orbit- 
rendezvous concept. Attention i s  given t o  t h e  
use of rendezvous at  M a r s  i n  l ight  of t h e  con- 
s t r a i n t s  placed by t h e  requirement f o r  tangen- 
t i a l  approach t o  and departure from Mars o r b i t  
f o r  achievement of propulsive eff ic iency.  A 
scheme i s  devised wherein o r b i t a l  a l t i t u d e  and 
inc l ina t ion  a re  chosen so t h a t  t h e  nodal and 
apsidal  motion associated with Martian oblate- 
ness r e s u l t s  i n  a tangent ia l  o r b i t a l  launch a t  
t h e  t i m e  of departure. This scheme i s  discussed 
i n  the  l i g h t  of several  rendezvous plans proposed 
f o r  use i n  Earth operations. 

INTRODUCTION 

I n  recent years t he  NASA Langley Research Center has devoted 
considerable e f f o r t  t o  invest igat ion of t he  lunar-orbit-rendezvous 
mission. A subs t an t i a l  amount of t h i s  work has been concerned with 
rendezvous and t h e  associated o r b i t a l  and t r a j ec to ry  analysis .  A t  
t h e  present time s tudies  are  being conducted on t h e  more general  
aspects  of interplanetary missions. This paper summarizes a brief 
inves t iga t ion  of t h e  appl icat ion of t h e  concept used i n  the  lunar- 
orbit-rendezvous plan t o  t h e  manned Mars landing mission. 
Mars-orbit-rendezvous mission has been considered i n  various forms 
by inves t iga tors  and has already gained some degree of acceptance 
because of t h e  subs tan t ia l  weight saving r e l a t i v e  t o  t h e  d i r e c t  
mission wherein a l l  components of t he  space vehicle are landed on 
Mars. 

This 

I n  t h e  present study a t ten t ion  i s  given t o  t h e  rendezvous 
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problem at Mars i n  l i g h t  of rendezvous plans t h a t  have been 
advanced f o r  use i n  Earth o r b i t .  
paper a re  t o  i l l u s t r a t e  the  basic  considerations associated w i t h  
Mars rendezvous operations, and t o  determine t h e  app l i cab i l i t y  
of various rendezvous plans. There are  problems t h a t  must be 
considered i n  t h e  use of t h e  Mars-orbit-rendezvous mission. 
These problems are: 

The purposes of t h e  present 

1. The di rec t ion  of departure from t h e  planet does not i n  
general correspond t o  t h e  d i rec t ion  of approach. This f a c t  
means t h a t  an e f f i c i en t  tangent ia l  o r b i t a l  launch i s  not 
necessar i ly  possible from t h e  o r b i t  o r ig ina l ly  established. 

2. The planetary oblateness of Mars causes a nodal regression 
and apsides precession of o r b i t s  es tabl ished a t  Mars which 
results i n  changes i n  or ien ta t ion  of t h e  o rb i t  i n  propor- 
t i o n  t o  t h e  s t ay  t i m e  a t  Mars. This e f f ec t  must be taken 
in to  account. 

One solut ion t o  t h e  use of rendezvous a t  Mars i s  t o  es tab l i sh  
t h e  rendezvous o r b i t  at  an a l t i t u d e  and inc l ina t ion  which satis- 
f ies  t h e  requirements of access t o  t h e  desired l a t i t u d e  and a t  
the  same t i m e  produces nodal and aps ida l  motions which place t h e  
orb i t  i n  pos i t ion  f o r  an e f f i c i e n t  launch t o  Earth return.  This 
solution i s  t h e  approach taken i n  t h i s  invest igat ion.  The r e s u l t  
w i l l  be i l l u s t r a t e d  first f o r  c i r cu la r  rendezvous o rb i t s .  I n  t h i s  
case t h e  nodal motion i s  t h e  on ly  o r b i t a l  per turbat ion of concern. 
Afterward t h e  more general  case of e l l i p t i c  o r b i t s  w i l l  be treated. 
I n  t h i s  case both nodal and apsidal  motions must be considered. 

DEFINITIONS 

The Mars- Orbit -Rende zvous M i  s s ion 
The Mars-orbit-rendezvous mission considered i s  very s i m i l a r  t o  
t he  lunar-orbit-rendezvous mission i n  t h a t  a command module and 
return propulsion are placed i n  o r b i t  about t h e  t a rge t  planet,  
and descent i s  made i n  a smaller landing vehicle.  Return t o  t h e  
command module i s  made at the  end of t h e  mission f o r  o r b i t a l  
launch t o  Earth return.  The mission sequence of t h e  Mars-orbit- 
rendezvous mission i s  shown i n  Fig. 1. 

Rendezvous Concepts 
Three o r b i t a l  rendezvous procedures are considered i n  t h i s  inves- 
t iga t ion .  These plans are t h e  o r b i t a l  adjacency concept, t h e  
rendezvous compatible o r b i t  concept, and t h e  parking o r b i t  con- 
cept. These plans are i l l u s t r a t e d  i n  Figs. 2, 3,  and 4.  Each of 
these plans m y  be used t o  explore various l a t i t u d e s  by t h e  Mars- 
orbit-rendezvous concept with ce r t a in  l imi ta t ions .  Mars has a 
day of about 2'4-1/2 hours and a subs t an t i a l  atmosphere, so the re  
i s  a degree of s imi l a r i t y  i n  Earth and Mars rendezvous s i tua t ions .  

The adjacency concept involves establishment of a rendezvous o r b i t  
a t  an inc l ina t ion  s l i g h t l y  higher than  t h e  l a t i t u d e  of t h e  desired 
landing si te.  See Refs. 1, 2, 3, and 4. This operation r e s u l t s  
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i n  a subs tan t ia l  period i n  each Martian day when t h e  landing s i t e  
i s  close t o  t h e  o r b i t a l  plane and a n  e f f i c i e n t  launch t o  rendez- 
vous may be made. Fig. 2 shows a s i tua t ion  i n  which t h e  landing 
s i t e  i s  located at about 30° t o  45' l a t i t u d e  and t h e  o r b i t  f o r  
rendezvous operations has an inc l ina t ion  5" grea ter  than t h e  la t i -  
tude of t he  landing s i t e .  The resul t ing launch window during 
which no plane change grea te r  than 5 O  i s  required spans about 
6 hours. 
those not exceeding a maximum a l t i t ude  of 2,000 naut ica l  m i l e s )  
w i l l  have passed within 5 O  of  t h e  landing s i t e  at  least twice, 
with t h e  closer  o r b i t s  passing within 5 O  as many as four  times. 
s i m i l a r  s i t ua t ion  involving Earth o rb i t s  having maximum a l t i t udes  
of 800 naut ical  miles o r  less would have only one addi t ional  pas- 
sage f o r  a t o t a l  of f i v e  passes. 
ascent, of t h e  5O plane change i s  about 5 percent of t h e  t o t a l  
charac te r i s t ic  ve loc i ty  required. 
technique may be used t o  eliminate the necessi ty  f o r  dependence 
on s t r i c t  launch timing i n  rendezvous ( R e f .  5) .  
ous longitudes i s  generally available by choice of t h e  time of 
descent. 

During t h i s  6-hour period a l l  near Mars o r b i t s  ( t h a t  is, 

A 

The t o t a l  penalty, descent and 

A parking o r b i t  o r  chasing 

Access t o  var i -  

The rendezvous compatible o r b i t  concept as studied by Petersen 
and Swanson ( R e f .  6) involves t h e  choice of o r b i t s  which have 
periods t h a t  are about an even f rac t ion  of t h e  planetary day so  
t h a t  t h e  orb i t ing  un i t  passes i n  proper re la t ionship  t o  t h e  launch 
s i t e  f o r  rendezvous at the  t i m e  t h a t  planetary ro ta t ion  ca r r i e s  
t h e  launch s i t e  through t h e  o r b i t a l  plane. See Fig. 3 .  I n  t h e  
most complete sense these o r b i t s  may be chosen i n  a l t i t u d e  and 
inc l ina t ion  so t h a t  a proper rendezvous relat ionship i s  achieved 
on each in te rsec t ion  of t h e  launch s i te  with t h e  rendezvous o rb i t .  
For t h e  purpose of t h i s  invest igat ion t h e  less complete def in i t ion  
of once-a-day compatibil i ty w i l l  be used so t h a t  o ther  use may be 
made of o r b i t a l  inc l ina t ion .  U s e  of t h e  rendezvous compatible 
o r b i t  concept enables landings t o  be m a d e  at  all l a t i t u d e s  l e s s  
than t h e  maximum inclinakion of  t h e  o r b i t  established. 

The parking o r b i t  concept i s  i l l u s t r a t e d  i n  Fig. 4. 
launch i s  made i n t o  a parking o r b i t  when planetary ro ta t ion  car- 
ries the launch s i t e  through t h e  rendezvous o r b i t a l  plane, and 
t r a n s f e r  t o  t h e  rendezvous o rb i t  i s  made a t  a l a t e r  t i m e  when the  
phasing between t h e  orb i t ing  command module and launch vehicle i s  
proper. The parking o r b i t  concept has been considered i n  various 
quarters  and may be an i n t e g r a l  par t  of other  rendezvous plans 
such as the  adjacency concept. 

I n  t h i s  plan 

ANALYSIS 

1975 Mission 
I n  order t o  simplify the  discussion of t h i s  paper a pa r t i cu la r  
Mars stopover t r i p  has been chosen. 
and involves a March 1975 Earth departure, a 50-day stay a t  Mars 
beginning i n  November of 1975, and a September 1976 re turn  date  t o  
Earth. The t o t a l  t r i p  t i m e  i s  550 days, and t h e  c loses t  approach 
t o  t h e  Sun i s  about 0.7 astronomical un i t s .  See Ref. 7. 

This t r i p - i s  shown i n  Fig. 5 

3 



Fig. 6 shows t h e  d i rec t ion  of approach t o  and departure from Mars 
f o r  t h e  mission selected f o r  i l l u s t r a t i o n .  These d i rec t ions  are  
referred t o  t h e  Mars-Sun l i n e .  
i s  made from i n  f ron t  of t h e  oncoming planet and a t  about 600 t o  
t h e  Mars-Sun l ine .  
planet and at about 50° t o  t h e  Mars-Sun l i n e .  
t i c  of a number of in te res t ing  missions t h a t  approach i s  from i n  
front  and departure toward t h e  rear,  with t h e  angle t o  the  Mars-Sun 
l i n e  being i n  t h e  range of 40° t o  TO0 f o r  both approach and 
departure. 

It w i l l  be noted t h a t  t he  approach 

Departure i s  made t o  t h e  rear of t h e  receding 
It i s  characteris-  

Orbits for Tangential Approach and Departure 
I l l u s t r a t i o n  of departure problem. Suppose t h a t  tangent ia l  entry 
i s  made i n t o  a polar  o rb i t .  See Fig. 7. Once established, t h e  
polar o r b i t a l  plane i s  fixed, since planetary oblateness does not 
cause a regression of a polar  o rb i t .  Departure i n  a d i rec t ion  
other than p a r a l l e l  t o  t h e  tangent ia l  entry requires  a plane 
change. 
t h e  d i rec t ion  of departure when o r b i t a l  launch i s  made back t o  
Earth would require a subs tan t ia l  plane change t o  be made. 

I n  t h e  case shown, which i s  f o r  t h e  1975 t r i p  considered, 

Approach to Mars orb i t .  Fig. 8 indica tes  t h e  general  s i t ua t ion  at 
approach t o  Mars; a similar f igure  with t h e  d i rec t ions  of t h e  
veloci ty  vectors reversed would ind ica te  the  departure condition. 
The approach veloci ty  t o  o rb i t  VA i s  very nearly p a r a l l e l  t o  
t h e  veloci ty  of cen t r a l  impact, and f o r  e f f i c i e n t  interplanetary 
transfer about p a r a l l e l  t o  t h e  plane of t h e  e c l i p t i c .  
t i a l  entry t o  a Mars o r b i t  t h e  approach ve loc i ty  may take any 
posi t ion about t h e  veloci ty  of cen t r a l  impact. 
planes t h a t  may be approached tangent ia l ly  i n t e r s e c t  along the  
veloci ty  of cent ra l  impact. Any pa r t i cu la r  o r b i t a l  plane i s  thus 
defined by t h i s  ve loc i ty  of cent ra l  impact and t h e  pa r t i cu la r  
approach ve loc i ty  (Ref. 8) .  Placing t h e  approach ve loc i ty  i n  the  
appropriate pos i t ion  t o  es tab l i sh  a given o r b i t a l  plane may be 
accomplished as p a r t  of t h e  midcourse corrections while the  vehi- 
c l e  i s  s t i l l  far from Mars. 

For tangen- 

A l l  t h e  o r b i t a l  

Orbi ta l  entry and departure with a s ing le  impulse may be made with 
minimum cha rac t e r i s t i c  ve loc i ty  when t h e  approach o r  departure i s  
tangent t o  the  desired o r b i t  at i t s  per iaps is .  The benef i t  of t h e  
per iapsis  maneuver i s  shown i n  Fig.  9. 
l e m  i s  given i n  Ref. 9. 

A formulation of t h i s  prob- 

Nodal and Apsidal Conditions 
The relat ionship between o r b i t a l  i nc l ina t ion  and longitude of l i n e  
of nodes which r e s u l t s  from requiring t h a t  t h e  o r b i t a l  plane at  
Mars be p a r a l l e l  t o  t h e  approach o r  departure veloci ty  may be 
derived by analogy from the  s implif ied expression given i n  R e f .  8. 
This re la t ionship is:  

where: 



k takes the values 0, II, or  2n t o  es tab l i sh  t h e  proper 
quadrant 

6 = t an - l ( t an  a cos p )  

s 2 i  = sin' 1 ( t a n  imin/tan i) 

imin = s in - l (  l s i n  a s i n  p 1 )  
The pos i t ive  s ign on Qi i s  used f o r  northerly approaches and 
departures and the  negative s ign f o r  southerly approaches and 
departures. 

The expression f o r  t h e  argument of per iapsis  of t h e  Mars o rb i t  
t h a t  i s  required f o r  entrance in to  or departure from o rb i t  at 
per iaps is  may be derived from considerations of o r b i t a l  mechanics 
and t h e  geometry of t h e  problem. This re la t ionship is:  

where: 

k takes  the  values 0, TC, o r  231 t o  es tab l i sh  the  proper 
quadrant 

i s  used on approach and -0 on departure 

wi i s  used f o r  southerly approach and departure 

-+i Is used on norther ly  approach and departure 

These formulations assume the  approach t o  Mars t o  be i n  t h e  plane 
of t h e  e c l i p t i c .  Similar expressions may be obtained f o r  t h e  more 
general  case. 
mission of t h i s  study are shown i n  Figs. 10 and 11. Fig. 10 shows 
o r b i t a l  inc l ina t ion  as a function of longitude of l i n e  of nodes. 
Fig. 11 shows o r b i t a l  inc l ina t ion  as a function of argument of 
per iaps is .  The o r b i t s  available on approach a re  shown by t h e  
so l id- l ine  curves; those avai lable  on departure are shown by the  
dashed-line curves. 
sion. 
o r b i t a l  veloci ty  i n  t h e  d i rec t ion  of Mars' axial ro ta t ion  and are 
indicated as being "corotating . I t  

grea te r  than 90° have a component of veloci ty  opposite t o  t h e  
d i r ec t ion  of Mars' axial ro ta t ion  and a re  indicated as being "con- 
t r a ro t a t ing . "  The advantage of u t i l i z i n g  t h e  corotating o r b i t a l  
planes f o r  propulsive eff ic iency i n  landing and launch i s  readi ly  
apparent. 
o r b i t a l  approach or departure i s  made (north or south).  

The solut ions t o  expressions (1) and ( 2 )  f o r  t h e  

Similar p lo t s  may be made f o r  any chosen m i s -  
Orbits having inc l ina t ions  l e s s  than 90' have a component of 

Those having inc l ina t ions  

The le t te rs  N and S indicate the  hemisphere i n  which 

It may be noted i n  Figs. 10 and 11 tha t  there  i s  a band of o r b i t a l  
inc l ina t ions  near t he  equator t h a t  i s  not avai lable  on a r r i v a l  and 
a smaller band t h a t  i s  not available on departure. The band t h a t  
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i s  prohibited on a r r i v a l  extends about 2 5 O  on e i t h e r  s ide of t h e  
equator and corresponds t o  t he  inc l ina t ion  of Mars' equator with 
respect t o  the  e c l i p t i c .  
approach and departure t i m e  and d i rec t ion  considered and are  thus 
a function of t h e  mission chosen. 

These bands vary with t h e  pa r t i cu la r  

Figs. 10 and 11 show t h a t  there  i s  a difference i n  the  nodal and 
per iapsis  posi t ions of a r r i v a l  and departure o rb i t s .  
there i s  a motion of these o r b i t s  e i t h e r  regressive o r  progres- 
sive as indicated by the  w a v y  arrows on these f igures .  
o rb i t  were established on a r r i v a l  such t h a t  these motions would, 
i n  the  s tay  time specified,  ro t a t e  t h e  o r b i t  appropriately, then 
an o r b i t a l  launch from periapsis  without t he  necessity of a plane 
change could be achieved. 

However, 

If an 

Orbit Motion Rates 
Figs. 1 2  and 13 show t h e  nodal and apsidal  regression and progres- 
sion r a t e s  f o r  several  e l l i p t i c  o r b i t s  a t  Mars ( R e f .  10). 
cular o r b i t s  having a radius equal t o  t h e  semimajor axis  of these 
e l l i p t i c  o r b i t s  w i l l  have somewhat d i f f e ren t  r a t e s  of motion. 
values shown i n  these f igures  a re  based on a 24-hour day. 
regression r a t e  f o r  a 300 incl ined 200-nautical-mile c i r cu la r  
orb i t  at Mars i s  about go a day. 
complete nodal regression of 3600. 
ra te  of t h e  l i n e  of apsides f o r  o r b i t s  incl ined a t  63.4'. 
apsidal motion at t h i s  inc l ina t ion  i s  osc i l la tory .  

C i r -  

The 
The 

This case gives 40 days f o r  a 
There i s  a zero precession 

The 

C i r c u l a r  Mars Orbits 
For c i r cu la r  Mars o r b i t s  a simple s i t ua t ion  presents  i t s e l f .  I n  
t h i s  case the  argument of per iaps is  i s  undefined and the  only con- 
s iderat ion of significance i s  nodal posi t ion.  The a l t i t u d e  of 
orb i t  f o r  operations at Mars may be chosen f o r  a given inc l ina t ion  
of orb i t  so  t h a t  t h e  o r b i t  i n i t i a l l y  assumed a t  Mars w i l l  regress 
because of planetary oblateness t o  t h e  nodal pos i t ion  required f o r  
tangent ia l  departure. Choosing regression rates t h a t  w i l l  i n  
50 days place the  o r b i t  i n  t h e  proper pos i t ion  f o r  tangent ia l  
departure at t h e  f irst ,  second, o r  t h i r d  in te rcept  of t he  depar- 
t u re  nodal posi t ion curve r e s u l t s  i n  t h e  o r b i t s  shown i n  Fig. 14. 
The f i r s t ,  second, and t h i r d  in t e rcep t s  correspond t o  1, 2, and 3 
launch opportunities during the  50-day s t ay  f o r  t h e  mission con- 
sidered here. Only r e s u l t s  f o r  corotating o r b i t s  a re  shown. 
Those o rb i t s  not fa l l ing on one of these  curves are not admissible 
o rb i t s  f o r  a 50-day stay followed by t angen t i a l  departure f o r  
E a r t h .  It  should be noted t h a t  t h e  admissible o r b i t s  become nar- 
rower i n  range of inc l ina t ion  and of lower a l t i t u d e  as the  number 
Of launch opportunities i n  50 days i s  increased from 1 t o  2 and 3. 
The symbols i n  combinations of N and S ind ica te  t h e  hemisphere f o r  
approach t o  o rb i t  and departure at t h e  end of 50 days. 
instance indicates  entrance i n t o  o r b i t  i n  t h e  northern hemisphere 
and e x i t  from o r b i t  i n  t h e  southern hemisphere. 
o r b i t a l  launch involves a plane change which i s  s m a l l  i f  t h e  delay 
i s  n o t  excessive. 

N-S f o r  

A delay i n  

A delay of 9 days i n  o r b i t a l  launch f o r  a 
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1,000-nautical-mile o r b i t  corresponds t o  a nodal difference of 
300. 
plane change of about l5O. 

For a 30° incl ined orb i t ,  t h i s  nodal  dif ference requires a 

'I'he adjacency reil6ez-v-Giis cor,zzpt zzy b e  use6 i n  this c i r cu la r  
o rb i t  s i tua t ion .  Establishment of t h e  rendezvous o r b i t  a t  the 
proper inc l ina t ion  w i l l  enable access t o  a range of l a t i t u d e s  a t  
Mars. However, some l a t i t u d e s  are excluded f o r  tangent ia l  
approach and departure pa r t i cu la r ly  i n  the  v i c i n i t y  of t he  equa- 
t o r .  A plane change a t  o rb i t  entry removes these r e s t r i c t ions .  

U s e  of t h e  rendezvous compatible o rb i t  concept enables landings 
t o  be made a t  any l a t i t u d e  less than the maximum inc l ina t ion  of 
t h e  rendezvous o rb i t  with assurance of an a t t r a c t i v e  rendezvous 
s i tua t ion .  Fig. 15 shows t h e  d iscre te  o r b i t s  from t h e  curves of 
Fig. 14 t h a t  have t h e  fea ture  of once-a-day rendezvous compat- 
i b i l i t y .  These o r b i t s  a l so  s a t i s f y  the nodal requirement f o r  
tangent ia l  launch t o  Earth return,  of course. A wide range of 
o r b i t s  i s  available,  indicat ing a subs tan t ia l  degree of f l e x i b i l -  
i t y  i n  t h e  use of t h i s  concept. 

E l l i p t i c  Mars Orbits 
Some mission analyses have indicated the d e s i r a b i l i t y  of estab- 
l i sh ing  e l l i p t i c  o r b i t s  at Mars f o r  overal l  mission propulsive 
eff ic iency.  
should be made i n  t h e  o r b i t a l  plane and tangent t o  the per iaps is  
f o r  best efficiency. This requirement necessi ta tes  sa t i s fy ing  
two conditions at both entrance and departure from o rb i t .  One of 
these  i s  the  nodal condition, and t h e  other  i s  t h e  per iapsis  con- 
d i t i on .  The maximum a l t i t u d e  of t h e  e l l i p t i c  rendezvous o r b i t  at 
Mars may be chosen f o r  a given inc l ina t ion  of o r b i t  t o  s a t i s f y  
e i t h e r  one of these two conditions by making use of t he  data of 
Figs.  10 t o  13. The points  where t h e  resu l t ing  curves in t e r sec t  
s a t i s f y  both conditions. 

Approach t o  and departure from an e l l i p t i c  o r b i t  

The r e s u l t s  of such an analysis  f o r  the mission used t o  i l l u s t r a t e  
t h i s  report  are given i n  Fig. 16. Only t h e  curves where intersec-  
t i o n s  between t h e  nodal and per iapsis  conditions were obtained are 
shown. The curves i n  t h e  lower left-hand corner of t h e  f igu re  are 
associated with more rapid nodal and apsidal  motions. 
cases t h e  nodal and per iaps is  conditions f o r  l a r g e r  angular dis-  
placements a re  sa t i s f i ed .  
entrance and departure from the  northern or southern hemisphere. 
Only in te rsec t ions  t h a t  agree i n  t h i s  regard are physically rea l iz -  
able, of course. These r e s u l t s  are for corotating o rb i t s .  

I n  these 

The symbols involving N and S ind ica te  

Four in te rsec t ions  are shown i n  Fig. 16. Two are at  very low 
a l t i t u d e s  where sa t i s fy ing  t h e  apsidal condition i s  of l i t t l e  
importance from a propulsive standpoint. Two others  are at  an 
a l t i t u d e  of about 2,000 naut ica l  miles and an inc l ina t ion  of about 
70'. N o  other  in te rsec t ions  e x i s t  a t  higher a l t i t u d e s  f o r  t h e  
mission considered here. Access t o  various l a t i t u d e s  from one of 
these  o r b i t s  would i n  general require use of t h e  parking o rb i t  
rendezvous concept mentioned previously i n  t h a t  t h e  choice of 
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incl inat ion required by the  adjacency technique i s  not m a i l a b l e  
here since both inc l ina t ion  and a l t i t u d e  a re  specif ied i n  satis- 
fying both the  nodal and per iapsis  conditions. I n  the  case con- 
sidered here, one of t h e  rendezvous compatible o r b i t s  i s  close t o  
these in te rsec t ions .  This o rb i t  i s  indicated f o r  t h e  S-S approach 
and departure by t h e  t r iangular  symbol. U s e  of t h i s  rendezvous 
compatible o rb i t  ra ther  than t h e  in te rsec t ion  where the  nodal and 
per iapsis  condition i s  s a t i s f i e d  per fec t ly  only r e su l t s  i n  a mis- 
alinement of t h e  l i n e  of apsides from a per iaps is  launch by about 
15O. Fig. 9 shows t h a t  t h i s  misalinement causes only a s m a l l  
propulsive penalty. This point i l l u s t r a t e s  t h a t  sa t i s fy ing  the  
conditions developed i n  t h i s  paper i n  an exact way i s  not neces- 
sary i n  t h a t  t he  propulsive penalty i s  not grea t  f o r  reasonable 
perturbations.  
o r  large o r b i t a l  plane changes a re  involved does the  penalty 
become substant ia l .  

Only when la rge  differences from periapsis  launch 

CONCLUDING REMARKS 

The Mars-orbit-rendezvous mission places subs tan t ia l  constraints  
on t h e  o r b i t s  t h a t  may be used a t  Mars f o r  rendezvous operations. 
However, it i s  possible t o  se l ec t  o r b i t s  which may be used with 
rendezvous techniques studied f o r  Earth operations t o  make an 
e f f i c i en t  operational plan f o r  exploration of the  various la t i -  
tudes a t  Mars. Specif ical ly  t h e  Mars o r b i t s  may be chosen so  
tha t  e f f i c i e n t  tangent ia l  approach t o  and departure from Mars 
orb i t  may be made. This r e su l t  i s  accomplished by making use of 
the nodal and apsidal  motions associated with t h e  oblateness of 
Mars. 

NOTATIONS 

ha apoapsis a l t i tude ,  naut ical  m i l e s  

hP per iapsis  a l t i t ude ,  naut ica l  miles 

N occurrence of tangency condition i n  northern hemisphere 

S occurrence of tangency condition i n  southern hemisphere 

RCO rendezvous compatible o r b i t  

r m  radius of surface of M a r s ,  ft 

periapsis  radius of a hyperbolic o rb i t ,  f t  1", P 

VC, m c i r cu la r  s a t e l l i t e  ve loc i ty  

'H, m hyperbolic excess velocity,  

VCI, 'central impact ve loc i ty  f o r  
departure, 

a t  surface of Mars, f p s  

r a d i a l  approach o r  
fPS 
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20 

i 

imin 

a 

B 

6 

t angent ia l  approach velocity,  equal and p a r a l l e l  t o  t he  
VC1 of approach, fps  

tan3entia.l departure velocity, equal and p a r a l l e l  t o  
Tr tile V C I  Gf dzparturc, fps 

l a t i t u d e  of landing and take-off s i t e ,  degs 

o r b i t a l  incl inat ion,  degs 

s i n  irnin = s i n  a s i n  p , m i n i m u m  o r b i t a l  incl inat ion,  I I 
degs 

d i rec t ion  of approach or  departure with respect t o  t he  
e c l i p t i c  node, degs 

inc l ina t ion  of Mars' equator with respect t o  the  
ec l ip t i c ,  degs 

t a n  6 = t a n  a cos p, angular distance from e c l i p t i c  
node t o  meridian of VCI, degs 

0 cos e = -1 /I + (%)(bfl , angular distance from 
VC,m 

periapsis  t o  VcI i n  plane of hyperbolic orb i t ,  degs 

k angle used t o  es tab l i sh  proper quadrant f o r  52 and $, 
takes  on values of 0, TL, and 2n 

5 2 = k + 6 + Q i  locat ion of ascending node of possible o rb i t  
about Mars, degs 

pos i t ive  s ign of R i  f o r  northerly approach 
and departure 

negative s ign of Ri f o r  southerly approach 
and departure 

a i  s i n  Qi = t an  irnin/tan i 

$ = k + e + + i  loca t ion  of per iapsis  of hyperbolic approach 
o r  departure with respect t o  t h e  ascending 
node of t h e  orbi t ,  degs 

pos i t ive  sign f o r  8 on approach 

negative s ign f o r  9 on departure 

pos i t ive  sign for $i on southerly approach 
and departure 

negative s ign f o r  \Iri on norther ly  approach 
and departure 
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+i 

fl nodal regression rate ,  degs/day 

i apsides precession rate ,  degs/day 
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Figure 1.- Mars-orbit-rendezvous mission sequence. 
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Figure 2.- Orbital adjacency for rendezvous. Close o r b i t s  a t  

Mars. 
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Figure 3 .  - Compatable o r b i t s  f o r  rendezvous. 
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Figure 4.- Parking o r b i t s  f o r  rendezvous. 
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Figure 5 .- 1975 mission. 
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Figure 6.- Direction of approach and departure. 
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Figure 7.- Departure from polar  o r b i t .  
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Figure 8.- Approach t o  Mars o r b i t .  
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Figure 9.- Propulsive e f f o r t  f o r  entrance in to  e l l i p t i c  o r b i t s .  
hp = 200 N. M i ;  ha = 2000 N.  M i .  
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Figure 10.- Nodal posi t ions of o r b i t s  f o r  tangent ia l  approach 

and departure, 1975 mission. 



I 8OL-  r r A R R  IVE -r--. EQUATORIAL-, 
DEPART 

CONTRA- 
ROTAT I NG i POLAR 

APSIDAL 
MOTION 

i ,  DEG 

\ S .  
\ 

I I I I EQUATORIAL J .----- 
NASA 

Figure 11.- Apsidal pos i t ions  of  o r b i t s  l 'or  t angen t i a l  
approach and departure, 1975 mission. 
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Figure 12.- Nodal regression of e l l i p t i c  Martian o r b i t s .  
Per iapsis  a t  200 N. M i .  a l t i tude.  
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Figure 13. -  Apsidal motion of e l l i p t i c  Martian o rb i t s .  Per iapsis  
a t  200 N .  M i .  a l t i tude .  
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Figure 14.- Orbi ta l  a l t i t u d e  for t angent ia l  departure from 
c i r cu la r  orbi ts ,  50-day stay.  
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13 .- Rendezvous compatible o r b i t s  f o r  tangent ia l  depar- 
t u r e  from c i r cu la r  o r b i t s ,  50-day s tay.  
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Figure 16.- Orbit requirements f o r  t angen t i a l  approach and 
departure at per iapsis ,  50-day s tay .  


